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SCANNING ELECTRON MICROSCOPE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims bene?ts from US. Provi 
sional Patent Application No. 60/579,676 ?led Jun. 16, 
2004, the contents of Which are hereby incorporated herein 
by reference. 

FIELD OF THE INVENTION 

[0002] The present invention relates generally to scanning 
electron microscopes (SEMs), and more particularly to 
SEMs in Which a primary electron beam is de?ected prior to 
incidence With a specimen. 

BACKGROUND OF THE INVENTION 

[0003] Scanning electron microscopes are highly versatile 
electron beam instruments that can provide images over 100 
times more magni?ed than commercial optical microscopes. 
They have applications in a Wide range of different research 
areas, including, medicine, biology, material science and 
microelectronics. 

[0004] In principle, many analytical techniques can be 
combined With the normal operation of a SEM, but in 
practice, they are limited to a feW routinely used add-on 
attachments. The main reason for this lies in the Way SEMs 
are currently designed. At present, conventional SEMs 
include an electron gun, electromagnetic lenses, scan coils 
and apertures. The electromagnetic lenses are usually 
divided into tWo categories, condenser lenses that are placed 
immediately after the electron gun, and the objective lens 
located just before the specimen. Typical SEMs produce a 
high energy (1-30 keV) beam of electrons that is succes 
sively focused into a sub-micron probe and raster scanned 
over the sample’s surface. This beam of electrons is nor 
mally referred to as the primary beam. 

[0005] Unfortunately, most of the electrons and photons 
that are scattered back from the sample travel back toWards 
the column and are therefore dif?cult to detect and analyZe. 
Moreover, the distance betWeen the loWer pole-piece of the 
objective lens and the surface of the sample, commonly 
called the Working distance, is relatively small, typically 
restricted to be betWeen 3 to 25 mm. The acquisition of high 
resolution images requires that this distance be minimiZed: 
the Working distance in many cases needs to be less than 5 
mm. There is therefore little room in this design to mount 
detectors and spectrometers that can ef?ciently collect the 
secondary electrons and photons generated by the primary 
beam-specimen interaction or analyZe their energy spectra 
With high resolution. 

[0006] The SEM uses secondary electrons to form its most 
common form of topographic image. Secondary electrons 
are scattered electrons having energies of only a feW eV. The 
secondary electron detector is placed to one side of the 
specimen so that it does not in?uence or obstruct the primary 
beam. This off-axis position, hoWever, results in poor col 
lection ef?ciency for the secondary electrons, typically Well 
beloW 50% in most conventional SEMs. 

[0007] Another popular mode of imaging in SEMs is to 
use more elastically scattered electrons knoWn as back 
scattered electrons (BSEs). BSEs are de?ned to have ener 
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gies ranging from 50 eV up to the primary beam energy. In 
conventional SEMs, BSEs have straight line trajectory paths 
radiating out in different directions, and a special purpose 
BSE detector is usually mounted just beloW the objective 
lens pole-piece to collect the Wide-angle BSEs. The BSE 
detector usually takes the form of a side-entry attachment 
having a hole to alloW passage of the primary beam. Due to 
its restricted angle of collection, the transport efficiency of 
BSEs reaching the detector is generally loW, Well beloW 
50%. Some BSEs are inevitably detected by the secondary 
electron detector, creating a background current to the 
secondary electrons signal and degrading secondary electron 
contrast information. In general, the miXing of secondary 
electrons and BSEs is undesirable since BSEs provide 
poorer spatial resolution than secondary electrons. BSEs 
hoWever carry stronger material contrast information and, 
for this reason, their separate detection is preferred. 

[0008] Other commonly used SEM attachments alloW for 
the detection of X-rays, infrared, UV and visible light 
radiation. An energy-dispersive X-Ray spectrometer (EDS), 
or a Wavelength dispersive X-Ray spectrometer (WDS), 
enables the SEM to identify the presence of different metals. 
The Cathodoluminescence technique (CL) Works by detect 
ing infrared, UV or visible light radiation from certain 
specimens like semi-conductors and some organic materials. 
The spectrum and transient response of the CL signal can 
provide useful analytical information about the specimen. 
Although EDS, WDS or CL attachments are very useful, 
conventional SEM designs are not optimiZed for their use, 
precisely for the same reasons that preclude the high ef? 
ciency collection of secondary electrons and BSEs. In order 
not to obstruct the primary beam, their detectors must be 
placed to one side of the specimen. Moreover, since the 
Working distance must be kept relatively small, only a small 
fraction of the total emission angle can be captured. 

[0009] There are several instances Where energy ?ltering 
of the scattered electrons provides important analytical 
information about the sample, hoWever, the dif?culty of 
employing high resolution spectrometers into conventional 
SEMs is Well documented in L. Reimer, Scanning Electron 
Microscopy, Physics of Image Formation and Microanaly 
sis, 2nd edition, chapter 5: Electron Detectors and Spectrom 
eters, pp. 171-204, 1998. The technique of quantitative 
voltage contrast for instance, functions by monitoring 
energy shifts in the secondary electron spectra. 

[0010] Although a variety of different electron/energy 
detectors have been proposed, no SEM capable of using a 
variety of detectors has emerged. Instead, special purpose 
Electron Beam Test (EBT) columns have been built, as for 
eXample detailed in John T. L. Thong, Electron Beam 
Testing Technology, NeW York, Plenum, 1993. 

[0011] Accordingly, there remains a need for a ?exible 
SEM, capable of detecting various emissions or scatterings 
from a specimen. 

SUMMARY OF THE INVENTION 

[0012] SEMs that do not restrict detectors or spectrom 
eters to be located in the small space betWeen a conventional 
SEM objective lens and the specimen are disclosed. These 
SEMs are predicted to have high transport efficiency for all 
scattered electrons and photons, from the specimen to their 
respective detectors. 
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[0013] In accordance With an aspect of the present inven 
tion, an emitted primary electron beam in an SEM is 
diverted by an angle of at least about 45 degrees prior to 
incidence With a specimen. As the angle of emissions and 
re?ections from the specimen is close to the angle of 
incidence, bending the primary electron beam prior to inci 
dence alloWs the electron source to be located so as not to 
obstruct the travel of emissions and re?ections to suitable 
detectors. 

[0014] In accordance With an aspect of the present inven 
tion, there is provided a method of operating a scanning 
electron microscope. The method includes generating a 
primary electron beam; guiding the beam to illuminate a 
specimen; detecting at least one of photons, scattered elec 
trons, and secondary electrons emitted by the specimen as a 
result of the illuminating. The guiding includes de?ecting 
said beam by an angle of at least 45 degrees. 

[0015] In accordance With another aspect of the present 
invention, there is provided a scanning electron microscope 
that includes: a plurality of electron sources, each for 
emitting a primary electron beam; a plurality of de?ectors, 
each for de?ecting one of the electron beams by an angle of 
at least 45 degrees; at least one focusing lens for focusing 
each of the plurality of beams to illuminate at least one 
specimen; and a plurality of detectors for detecting at least 
one of photons, scattered electrons, and secondary electrons 
emitted by at least one specimen as a result of the plurality 
of beams illuminating at least one specimen. 

[0016] In accordance With yet another aspect of the 
present invention, there is provided a scanning electron 
microscope includes: an electron source, for emitting a 
primary electron beam; a de?ectors, for de?ecting the pri 
mary electron beam by an angle of at least 45 degrees; a 
focusing lens doWnstream of the de?ector for focusing said 
beam to illuminate the specimen; a plurality of detectors for 
detecting at least one of photons, scattered electrons, and 
secondary electrons emitted by at least one specimen as a 
result of the plurality of beams illuminating at least one 
specimen. 
[0017] Other aspects and features of the present invention 
Will become apparent to those of ordinary skill in the art 
upon revieW of the folloWing description of speci?c embodi 
ments of the invention in conjunction With the accompany 
ing ?gures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] In the ?gures Which illustrate by Way of example 
only, embodiments of the present invention, 

[0019] FIG. 1 is a simpli?ed schematic diagram of an 
SEM exemplary of an embodiment of the present invention; 

[0020] FIGS. 2A and 2B are simpli?ed cross-sectional 
diagrams of objective lenses that may be used in the SEM of 
FIG. 1; 

[0021] FIG. 3 is a simpli?ed schematic diagram of a 
magnetic separator of the SEM of FIG. 1; 

[0022] FIGS. 4 and 5 are simpli?ed schematic diagrams 
of an SEM exemplary of another embodiment of the present 
invention; 
[0023] FIG. 6 is a simpli?ed schematic diagram of a 
magnetic separator of the SEM of FIGS. 4 and 5; 
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[0024] FIG. 7 is a simpli?ed schematic diagram of 
another SEM, exemplary of an embodiment of the present 
invention; 
[0025] FIG. 8A is a simpli?ed schematic diagram of 
another SEM, exemplary of an embodiment of the present 
invention; 

[0026] FIG. 8B is a simpli?ed top plan vieW of FIG. 8A; 
and 

[0027] FIG. 9 is a simpli?ed schematic diagram of 
another SEM exemplary of an embodiment of the present 
invention. 

DETAILED DESCRIPTION 

[0028] SEM 10, exemplary of an embodiment of the 
present invention, is schematically depicted in FIG. 1. SEM 
10 includes an SEM column 12, placed on its side, and a 
magnetic separator 14. Magnetic separator 14 guides an 
electron beam 16 emitted by SEM column 12, to change its 
direction of travel from generally horiZontal to generally 
vertical. Aprimary electron beam 16 is directed by magnetic 
separator 14, through an objective lens 18 onto a specimen 
32. In the depicted embodiment objective lens 18 forms part 
of a combined collection chamber/objective lens 30. 

[0029] SEM column 12 includes conventional SEM com 
ponents, and includes an electron gun 20, a series of elec 
tromagnetic lenses 22a, 22b, 22c (collectively lenses 22), 
scanning coils, stigmators, (not speci?cally illustrated) and 
the like. HoWever, ?nal lens 22c is no longer the objective 
lens of the microscope. Instead, the ?nal lens 22c of SEM 
column 12 is used as an auxiliary lens Whose main purpose 
is to focus beam 16 onto magnetic separator 14. Final lens 
22c has a focal length that is longer than the ?nal lens of a 
conventional SEM. Apart from this difference, the horiZontal 
SEM column 12 may be the same as a conventional SEM 
column. There may be a need to provide for stigmatic 
corrections after the primary beam is de?ected. If required, 
this can easily be achieved by placing small quadrupole 
units just above the specimen chamber integrated objective 
lens 30. 

[0030] Example objective lenses suitable for use as objec 
tive lens 18 in SEM 10 are knoWn as mixed ?eld retarding 
immersion lenses. These types of lenses involve immersing 
the specimen in strong to moderate electric and magnetic 
?elds. Their high resolution characteristics have been, for 
example, observed in A. Khursheed, Aberration character 
istics of immersion lenses for LVSEM, U ltramicroscopy, 93, 
pp 331-338, 2002. 

[0031] A plurality of electron and photon detectors 40a, 
40b . . . 40f (individually and collectively detectors 40) are 
mounted at hemispherical region 36, essentially unrestricted 
by space constraints. Each detector 40 may be positioned at 
a different location in this hemispherical region, and a 
different angle relative to the angle of incidence of beam 16 
on specimen 32. Optionally, detectors 40 may be located at 
different radial positions, provided that detectors at more 
inWardly radial positions do not materially obstruct multiple 
detectors located at more distant radial positions. 

[0032] Detectors 40 take the form of a variety of suitable 
electron detectors or spectrometers, knoWn in the art. Con 
veniently, each detector 40 may be suitable for speci?cally 
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detecting electrons of a speci?c type, or energy or photons. 
This allows for improved collection efficiency and higher 
energy resolution spectroscopy of the scattered electrons and 
photons than presently possible With conventional SEMs. 
Example detectors suitable for use as detectors 40 include 
Wide angle BSE and Auger electron detectors, retarding ?eld 
magnetic sector spectrometers, and the like. A Wide variety 
of other spectrometers, including those that collect electrons 
over the full 275 range in the aZimuthal direction, as for 
example detailed in Rau and V. N. E. Robinson, An annular 
toroidal backscattered electron energy analyser for use in the 
scanning electron microscope, Scanning, Vol. 18, pp. 556 
561, 1996 may similarly be used as detectors 40. Of course 
detectors 40 need not be magnetic. 

[0033] In operation, primary electron beam 16 emitted by 
column 12 is emitted along a generally horiZontal axis and 
strikes a specimen 32 along a generally vertical incident 
axis. Specimen 32 is located inside or just above the 
objective lens 18, Which is integrated as part of collection 
chamber/objective lens 30. Within collection chamber/ob 
jective lens 30, specimen 32 is biased to a suitable negative 
potential. In the example embodiment, specimen 32 is 
biased to about —5 kV. This helps collimate the scattered 
electrons, gives the scattered electrons close to the axis of 
incidence of beam 16 enough kinetic energy to be de?ected 
side-Ways by the magnetic separator 14, and provides high 
spatial resolution on the primary beam 16 as it strikes 
specimen 32. 
[0034] Magnetic separator 14 creates a magnetic ?eld 
directed into the plane shoWn in FIG. 1, thereby causing 
primary beam 16 to bend and trace out part of a generally 
circular (i.e. round) trajectory, as it travels from column 12 
to specimen 32. 

[0035] Upon impact of beam 16 on specimen 32, electrons 
are back scattered, and photons and secondary electrons may 
be emitted, in a direction aWay from specimen 32. As 
column 12 is located laterally aWay from specimen 32, and 
beam 16 has been bent prior to incidence, scattered and 
emitted electrons and photons are therefore not obstructed 
by the SEM column 12 Which lies in a horiZontal direction 
located Well aWay from sample 32. The scattered and 
emitted electrons and photons are directed on to detectors 40 
above specimen 32, unobstructed by the SEM column 12. 
[0036] Most of the scattered and emitted electrons are 
redirected by magnetic separator 14, on to detectors 40. 
Conveniently, magnetic separator separates the secondary 
electrons based on their energies, de?ecting secondary elec 
trons of differing energies by corresponding different angles. 
Detectors 40 through emitted photons, scattered and emitted 
electrons thus image specimen 32. To image the entire 
specimen, beam 16 is raster scanned across specimen 32, 
under control scanning plates forming part of column 12. 
[0037] Additionally, or alternatively, the Well knoWn tech 
nique of scanning Auger spectroscopy (SAM) may be used 
in SEM 10, by incorporating detectors 40 capable of detect 
ing Auger electrons. Auger electrons emanate from the inner 
shell of atoms in the sample and are emitted from a very thin 
layer (<2 nm) beloW the sample’s surface. Auger electron 
energies typically range from 20 to 2000 eV. By analyZing 
characteristic peaks in their energy spectrum, different ele 
ments on the surface of specimen 32 can be identi?ed. 

[0038] TWo lenses 60‘ and 60“ useable as collection cham 
ber/objective lens 30 are shoWn in FIGS. 2A and 2B, 
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respectively. Lenses 60‘ and 60“ include iron circuits 64‘ and 
64“ and energiZing coils 62‘ and 62“. A person of ordinary 
skill Will recogniZe that lens 60‘ is a full immersion lens, 
While lens 60“ is a single pole lens. Lenses 60‘ and 60“ can 
separate loW energy scattered electrons from Auger elec 
trons and BSEs. This is because the scattered electrons 
experience a sharply decreasing magnetic ?eld as they travel 
aWay from the specimen. The collimating effect strongly 
depends on the initial energies of the scattered electrons: the 
loW energy electrons, such as the secondary electrons, are 
con?ned to a much smaller area around the primary beam 
axis than Auger electrons, Which are in turn closer to the axis 
than BSEs. 

[0039] Simulation illustrates loW landing energies on 
specimen 32 can be achieved by adjusting the voltage of 
primary beam 16 to be close to the voltage of specimen 32. 
Here SEM 10 can operate in the loW voltage SEM mode, 
commonly knoWn as LVSEM, as for example detailed in 
Khursheed A., Recent Developments in Scanning Electron 
Microscope Design, Advances in Imaging and Electron 
Physics, Vol. 115, edited by P. W. HaWkes, San Diego: 
Academic Press, pp. 197-285, 2001. To focus primary beam 
16 on to the specimen, an excitation strength of 1185 AT may 
be used. The predicted focal length f, spherical aberration 
coef?cient, CS, and chromatic aberration coefficient, CC for 
these conditions are: f=0.697 mm, CS=0.231 and Cc=0.214 
mm. The electric ?eld strength at the sample is less than 2.5 
kV/mm, a fairly moderate value. Taking 0.4 eV to be the 
energy spread for a thermal ?eld emission (TFE) gun, the 
Bath-Kruit root-sum formula, as for example detailed in J. E. 
Bath and P. Kruit, “Addition of different contributions to the 
charged particle probe siZe”, Optik, Vol. 101 (3), p101-9, 
(1996) predicts the minimum primary beam diameter at the 
specimen to be 1.14 nm. This prediction is close to the 
theoretical limit for immersion lenses. Within the class of 
LVSEM objective lenses, this type of mixed ?eld retarding 
lens has the loWest on-axis aberration coef?cients. 

[0040] For Auger electron detection, landing energies of 
around 3 keV are preferred, With a primary beam energy of 
about 8 keV. For these conditions, the focal length and 
on-axis aberrations are also predicted to be loW: f=0.851 
mm, CS=0.441 mm and Cc=0.423 mm. An excitation of 1533 
AT focuses the primary beam on to the specimen. The 
predicted minimum primary beam diameter at the specimen 
in this case is 0.784 nm for a TFE gun. The resolution of 
images for scanning auger microscopy (SAM) typically is 
usually around 1 pm, recent improvements have reduced it 
doWn to around 10 nm. The theoretical resolution predicted 
for an objective lens suitable for use as objective lens 18 in 
SEM 10 is signi?cantly better than this, but practical con 
siderations such as the interaction volume and signal-to 
noise ratio Will be important. 

[0041] For higher landing energies, an objective lens suit 
able for use as objective lens 18 in SEM 10 is also predicted 
to provide greater spatial resolution than conventional 
SEMs. At a landing energy of 15 keV, the simulated focal 
length and on-axis aberrations are: f=1.12 mm, CS=0.773 
and Cc=0.728 mm, yielding a predicted probe diameter of 
0.444 nm at the specimen for a TFE gun. These aberration 
coef?cients are typically more than an order of magnitude 
loWer than those for conventional SEMs under similar 
operating conditions. At 15 keV, the spatial resolution of the 
SEM is dominated by the interaction volume, and not 
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limited by primary beam optics. However, since SEM 10 
allows for the possibility of collecting the more elastic 
backscattered electrons, a signi?cant improvement in the 
spatial resolution is expected. 

[0042] An example magnetic separator 14 is schematically 
depicted in FIG. 3. Sector plate 48 and accompanying 
pre-focusing and post-focusing plates 50 lie in a plane. 
Identical sector plate and pre-focusing and post-focusing 
plates lie in a parallel plane opposite plates 48, 50 and 
spaced therefrom. Plates 48 are designed to de?ect the 
primary beam through an angle of about 90 degrees. Plates 
48 are excited separately from plates 50. 

[0043] Conveniently, the presence of pre-focusing plates 
and post-focusing plates 50, alloWs separator 14 to act as a 
round lens that may focus primary beam 16 (While main 
taining a circular trajectory). That is, the beam is bent 
through an angle Without distortion. When the path of the 
primary beam is bent through 90 degrees beam, severe 
distortions on its shape (cross-sectional shape) are typically 
experienced. HoWever, they can be compensated for by 
using pre- and post-focusing plates so as depicted in FIG. 3. 
An example lens is detailed in Tromp R. M., Mankos M., 
Reuter M. C., Ellis A. W., and Copel M., “A neW loW energy 
electron microscope”, Surface Review and Letters, Vol. 5, 
No. 6, pp. 1189-1197, (1998). 

[0044] Suitable parallel separator plates 48 are commonly 
used in electron optics instrumentation for electron beam 
de?ection and energy spectroscopy, and are more particu 
larly detailed in L. Reimer, Transmission Electron Micros 
copy, Physics of Image Formation and Microanalysis, 4th 
edition, chapter 4.6: Electron Spectrometers and Filter 
Lenses, pp. 118-120, 1997. 

[0045] All Sector plates 48, 50 are excited by current 
carrying coils Wound on iron rods that are connected to a 
common iron frame. 

[0046] If a plane is de?ned to be parallel to sector plates 
48, then out-of-plane focusing is provided for by fringe 
?elds at the edges of the sector plates 48. Fringe ?elds at the 
edges of sector plates 48 may play a signi?cant role in 
focusing the primary beam in the direction perpendicular to 
its trajectory path. This effect is knoWn as “double-stigmatic 
focusing”, as detailed in L. Reimer, Transmission Electron 
Microscopy, Physics of Image Formation and Microanaly 
sis, 4th edition, chapter 4.6: Electron Spectrometers and 
Filter Lenses, pp. 118-120, 1997. 

[0047] Another SEM 100, exemplary of a further embodi 
ment is illustrated in FIGS. 4 to 6. SEM 100 includes a 
generally horiZontal SEM column (not shoWn), like column 
12 (FIG. 1) capable of emitting primary electron beam 116. 
A magnetic separator 114 that is generally circular in shape 
de?ects primary beam 116 by angles other than 90 degrees. 

[0048] An example magnetic separator 114 is further 
illustrated in FIG. 6. As illustrated, example magnetic 
separator 114 includes tWo pairs of parallel plates 148a and 
148b. One pair of plates 148a and 148b lie Within the same 
plane. The other pair (not speci?cally shoWn) lie in another 
plane, directly opposite and spaced from plates 148a and 
148b. Parallel plates 148a are formed as circular plates. 
Each parallel plate 148b is formed as a concentric ring about 
a plate 148a, in the plane of a plate 148a. Voltages applied 
across plates 148a and across plates 148b are independent. 
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By controlling the relative applied voltages, the de?ection 
angle of separator 114 may be controlled to de?ect the 
primary beam through an arbitrary angle. Conveniently, 
unlike separator 14, electrons alWays enter and exit normal 
to the edge of plates 148a and 148b, minimiZing aberrations 
resulting from de?ection. For example, the angle of inci 
dence of beam 116 may be de?ected betWeen about 45 and 
90 degrees (e. g. 60 degrees). An example magnetic separator 
useable as separator 114 is detailed in H.-C. Kan, T. Durkop 
and R. J. Phaneuf, J. Vac. Sci. Technol. B 20 (2002) 2519. 
Additionally, primary beam 116 is focused into the centre of 
the magnetic separator 114, by the ?nal lens of the column 
emitting beam 116, causing primary electrons Within beam 
116 incident on separator 114 at different angles to diverge 
as they emerge from the magnetic separator 114. An addi 
tional transfer lens 126 may correct this, to re-converge 
beam 116 after de?ection as it approaches collection cham 
ber/objective lens 130. This reduces the aberrations of 
primary beam 116. 

[0049] As illustrated in FIGS. 4 and 5, a backscatter 
detector 138 is placed just beloW transfer lens 126, to detect 
Wide-angle backscattered electrons. As in SEM 10, narroW 
backscattered electrons and secondary electrons may be 
de?ected by magnetic separator 114, and subsequently col 
lected by detectors 140a and 140b, suited speci?cally for the 
detection of backscattered electrons and secondary elec 
trons, respectively. As Wider-angle scattered electrons are 
collected by detector 138, the scattered electrons that noW 
are de?ected by separator 114 have a much smaller angular 
range than in SEM 10 and are not as dispersed as in SEM 10. 
Thus, only one or tWo detectors 140a and 140b may be 
suf?cient. 

[0050] Optionally, SEM 100 may further include tWo 
additional retarding ?eld sector magnets 150a and 150b 
placed betWeen separator 114 and detectors 140a and 140b, 
as illustrated in FIG. 5. Field sector magnets 150a and 150b 
assist in obtaining high resolution spectra of the BSEs and 
secondary electrons, respectively. 

[0051] The voltage and magnetic ?eld strengths of the 
BSE retarding ?eld sector magnet 150a may be adjusted to 
values Vf1 and BH respectively. Vf1 is set to be at a negative 
voltage close the voltage of beam 116, thus acting as a mirror 
for the secondary electrons (Which have a loWer kinetic 
energy), While transmitting backscattered electrons through 
to the BSE detector 140a. BSE detector 140a is a multi 
channel detector, directly capturing the spectrum. In this 
Way, a high resolution BSE spectra Will be detected from the 
transmitted BSEs, Whose energy resolution is enhanced by 
the retarding action of the sector. The SE retarding ?eld 
sector magnet 150b, in like manner to the BSE sector 
magnet 150a, is able to produce a high resolution SE 
spectrum. A retarding ?eld voltage Vf2 and sector magnetic 
?eld strength of Bf2 are applied to magnet 150b. Detector 
140b can also detect the spectra of Auger electrons. The 
maximum energy detected by the SE detector 140b Will be 
set by Vf1 on the BSE sector magnet 150a, Which can be 
adjusted to acquire the higher energy Auger electrons as Well 
as the loWer energy secondary electrons. 

[0052] SEM 10 may also be modi?ed as illustrated in FIG. 
7, to form SEM 200 including multiple SEM columns 212a, 
212b (like column 12) arranged one above the other. For 
simplicity, it is assumed that a plurality of electron detectors 
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240 (like detectors 40) detect secondary electrons only, and 
can ?lter out all incoming Auger electrons or BSEs. Use of 
secondary electrons is better suited to multi-column SEM 
200 since simulation predicts that they can be directed on to 
a detector 240 located far from the primary beam axis With 
millimeter precision. 

[0053] NoW, SEM columns 212 may be time-multiplexed, 
alternating in operation. The tWo SEM columns 212a and 
212b, along With their magnetic separators 214a, 214b and 
detectors 240a, 240b are aligned With each other and placed 
at different heights. Each of magnetic separators 214a, 214b 
may be formed With circular sector plates (like magnetic 
separator 114), or generally square or rectangular sector 
plates (like magnetic separator 14). The focal length of the 
objective lens 230 (formed as an immersion lens, like lens 
60‘) is pulsed , for example by varying the potential of the 
specimen 32, in such a Way so as to focus the image formed 
by each column from specimen 32 at different time intervals. 
Time-multiplexing illumination of one specimen using mul 
tiple SEM columns 212a and 212b may be desirable in 
numerous situations. One situation is the need to observe a 
large ?eld of vieW While imaging a very small part of the 
specimen. An extra column in this instance greatly assists in 
specimen navigation at high magni?cation: one column 
212a is used in high resolution mode, While the other 
column 212b is used in loW resolution mode. Another 
example may help in the neutraliZation of charge build-up on 
dielectric surfaces. Here, tWo SEM columns 212a and 212b 
typically operate at different primary beam energies in such 
a Way that While one column creates positive charge at the 
specimen, the second column neutraliZes it. 

[0054] Magnetic separators 214 may further be encased so 
as to ?lter electrons Within a certain energy range, so as to 

only pass secondary electrons While ?ltering other electrons. 
Such casing/?ltering may limit the energy range of SEM 
200, but Would alloW for multi-column operation With 
limited interference of secondary electrons attributable to 
each column. 

[0055] Another multi-column SEM 300, exemplary of yet 
another embodiment of the present invention is illustrated in 
FIGS. 8A and 8B. As illustrated, SEM 300 includes a 
tWo-dimensional array of SEM columns 312 (like columns 
212), Where different columns illuminate different areas on 
the same specimen 32. Combined lens/chamber 330, also 
formed as an immersion lens, includes multiple bores 338a, 
338b . . . (individually and collectively bores 338) arranged 
in a tWo dimensional array, above specimen 32. The same 
arrangement can of course be used on multiple different 
specimens, placed close together. Each column 312 is asso 
ciated With a corresponding magnetic separator 314 and a 
detector 340. Each magnetic separator 314 is aligned With 
the axis of primary electron beam of one column 312, above 
a bore 338 of lens/chamber 330. 

[0056] Again, each of magnetic separators 314 may be 
formed With circular sector plates (like magnetic separator 
114), or generally square or rectangular sector plates (like 
magnetic separator 14). The primary beam 316 of each 
column 312 is de?ected by a corresponding magnetic sepa 
rator 314 to enter one bore 338 of lens/chamber 330. 
Magnetic separators 314 may also further be encased so as 
to ?lter electrons Within a certain energy range, as described 
With reference to magnetic separators 214. 

Mar. 23, 2006 

[0057] Columns 312 are arranged in such a Way that the 
primary and secondary beams of each column 312 do not 
interfere With the primary and secondary beams of another 
column. Magnetic separator 314a shoWn in FIG. 8A for 
instance, de?ects the primary beam of column 312a through 
bore 338a, Which lies beloW the primary beam that travels 
through magnetic separators 314b and bore 338b of lens/ 
chamber 330. LikeWise, the primary beam that travels 
through magnetic separators 314c and bore 338c is separate 
from the primary beam that travels through magnetic sepa 
rators 314a' and bore 338d of lens 360. 

[0058] A plurality of electron detectors 340 may be 
located opposite columns 312 to capture secondary and 
emitted electrons. 

[0059] Each magnetic separator 314 may similarly de?ect 
secondary electrons and BSEs emitted through a respective 
bore 338, to guide such electrons onto an electron detector 
340. 

[0060] An example of a multi-bore array objective lens 
suitable for use as lens/chamber 330 in SEM 300 is more 
particularly detailed in Khursheed A., Yan Z., and Karuppiah 
N., Permanent magnet objective lenses for multi-column 
electron beam systems, Rev. Sci. Instrum, 72 (4), pp. 
2106-2109, (2001). 
[0061] There are many Ways in Which the SEM design 
exemplary of embodiments of the present invention, can 
combine high ef?ciency X-ray or CL detection With high 
ef?ciency electron detection. One simple approach is to 
make all detectors 40 (FIG. 1) retractable, so that X-ray/CL 
detectors can function simultaneously With the detection of 
the secondary electron image. FIG. 9 shoWs such an SEM 
400 optimiZed for CL detection. In this case, a single pole 
objective lens 430 (such as lens 60“ in FIG. 2B) may be used 
to impose less of an obstruction to emitted light from 
specimen 32 than a full immersion lens. There Will of course 
be some loss in transmission of scattered photons through 
the 0 volt grid above the specimen, but this can be kept 
relatively small, typically less than 20%. Instead of using an 
optical lens beyond the hemispherical collection surface to 
make photons travel in a parallel direction, a parabolic 
curved re?ective surface 402 can be placed above the single 
pole objective lens 430, as shoWn in FIG. 9. 

[0062] In order to make SEMs disclosed herein more 
portable, permanent magnet lenses may be used instead of 
excited electric lenses. For example, in SEM 10 of FIG. 1, 
a permanent magnet may form part of SEM column 12. 
Optionally, a Weak magnetic or electrostatic lens can be used 
at the end of this column for focal point adjustments. 
permanent magnet may similarly excite objective lens 18. 
Coarse focusing of primary beam 16 on to the specimen may 
then be achieved through height movement of specimen 32, 
and ?ne focusing may be achieved through varying the 
potential of specimen 32. The magnetic separators 14 may 
be mounted into a small iron box that has holes to alloW the 
passage of the primary and secondary beams. By using 
permanent magnets, the Whole arrangement can made small, 
typically measuring 6 to 8 cm in diameter. 

[0063] As should noW be appreciated, exemplary SEMs 
are predicted to have high transport ef?ciency for all scat 
tered electrons and photons, from the specimen to their 
respective detectors. The transport ef?ciency for secondary 
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electrons is expected to be around 100% and over 80% for 
Auger electrons, BSEs and all emitted photons. Secondly, 
the energies of the scattered electrons can be analyzed With 
high precision, Where the energy resolution, de?ned as the 
ratio of energy spread AE to the pass energy E, is expected 
to be typically better than 10_4. Thirdly, the neW design 
provides for better separation betWeen secondary electrons, 
Augers, and BSEs than presently possible. Fourthly, exem 
plary SEMs (like SEM 100) can easily be extended to 
incorporate time multiplexed columns and multi-column 
arrays. 

[0064] All documents referred to herein, are hereby incor 
porated by reference herein. 

[0065] Of course, the above described embodiments and 
examples are intended to be illustrative only and in no Way 
limiting. The described embodiments of carrying out the 
invention are susceptible to many modi?cations of form, 
arrangement of parts, details and order of operation. The 
invention, rather, is intended to encompass all such modi 
?cation Within its scope, as de?ned by the claims. 

What is claimed is: 
1. A method of operating a scanning electron microscope, 

comprising: 

generating a primary electron beam; 

guiding said beam to illuminate a specimen; 

detecting at least one of photons, scattered electrons, and 
secondary electrons emitted by said specimen as a 
result of said illuminating; 

Wherein said guiding comprises de?ecting said beam by 
an angle of at least 45 degrees. 

2. The method of claim 1, further comprising raster 
scanning said primary electron beam over said specimen to 
illuminate said specimen. 

3. The method of claim 2, Wherein said guiding comprises 
bending said beam by about 90 degrees. 

4. The method of claim 2, Wherein said guiding comprises 
bending said beam by about 60 degrees. 

5. The method of claim 2, Wherein said guiding comprises 
generating a magnetic ?eld acting on said primary electron 
beam to de?ect said beam. 

6. The method of claim 1, Wherein said detecting com 
prises detecting secondary electrons at a plurality of loca 
tions, said locations at angles varying relative to an angle of 
incidence of said beam on said specimen. 

7. The method of claim 6, further comprising detecting 
back scattered electrons at a further plurality of locations. 

8. The method of claim 6, further comprising detecting 
Auger electrons at a further plurality of locations. 

9. The method of claim 2, Wherein said primary electron 
beam initially has a generally horiZontal trajectory. 

10. The method of claim 2, further comprising biasing 
said specimen. 

11. The method of claim 2, Wherein said guiding is 
performed by a magnetic separator. 

12. The method of claim 11, Wherein said magnetic 
separator comprises tWo sets of tWo parallel sector plates. 

13. The method of claim 2, Wherein said primary beam 
has a potential proximate a potential of said specimen. 
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14. The method of claim 11, Wherein said magnetic 
separator comprises tWo sets of generally round parallel 
plates to de?ect said primary beam by angles other than 90 
degrees. 

15. The method of claim 14, Wherein each of said tWo sets 
of generally round plates comprises a generally circular 
plate, surrounded by a generally circular ring. 

16. The method of claim 14, further comprising interpos 
ing a retarding ?eld sector magnet betWeen said magnetic 
separator and one of said detectors. 

17. A scanning electron microscope comprising: 

a plurality of electron sources, each for emitting a primary 
electron beam; 

a plurality of de?ectors, each for de?ecting one of said 
electrons beams by an angle of at least 45 degrees; 

at least one focusing lens for focusing each of said 
plurality of beams to illuminate at least one specimen; 

a plurality of detectors for detecting at least one of 
photons, scattered electrons, and secondary electrons 
emitted by said at least one specimen as a result of said 
plurality of beams illuminating said at least one speci 
men. 

18. The microscope of claim 17, Wherein said electron 
sources are arranged to emit said plurality of electron beams 
in directions parallel to each other. 

19. The microscope of claim 18, Wherein said electron 
sources are time multiplexed to sequentially emit said plu 
rality of electron beams. 

20. The microscope of claim 17, Wherein each of said 
electron beams are bent by an angle of about 90 degrees as 
said electron beams pass from said electron to illuminate 
said specimen. 

21. The microscope of claim 20, Wherein said detectors 
are arranged on a generally hemispherical surface. 

22. The microscope of claim 17, Wherein each of said 
detectors is one of a Wide angle back scattered electron 
detector and an Auger electron detectors. 

23. The microscope of claim 17, Wherein said plurality of 
electron beam sources are arranged to emit said plurality of 
beams in a tWo dimensional array. 

24. The microscope of claim 17, Wherein each of said 
electron sources is operable to raster scan said primary 
electron beam over said specimen. 

25. A scanning electron microscope (SEM) comprising: 

an electron source, for emitting a primary electron beam; 

a de?ector, for de?ecting said primary electron beam by 
an angle of at least 45 degrees; 

a focusing lens doWnstream of said de?ector for focusing 
said beam to illuminate said specimen; 

a plurality of detectors for detecting at least one of 
photons, scattered electrons, and secondary electrons 
emitted by said at least one specimen as a result of said 
plurality of beams illuminating said at least one speci 
men. 

26. The SEM of claim 25, Wherein said primary electron 
beam is raster scanned over said specimen. 

27. The SEM of claim 25, Wherein said detectors are 
arranged on a generally hemispherical surface. 
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28. The SEM of claim 25, wherein one of said detectors 
is one of a backscattered electron detector and Auger elec 
tron detectors. 

29. The SEM of claim 25, Wherein said de?ector com 
prises a magnetic separator. 

30. The SEM of claim 29, Wherein said magnetic sepa 
rator comprises tWo parallel sector plates. 

31. The SEM of claim 30, Wherein said sector plates are 
generally rectangular. 
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32. The SEM of claim 29, Wherein said magnetic sepa 
rator comprises tWo generally round parallel plates to de?ect 
said primary beam by angles other than 90 degrees. 

33. The SEM of claim 32, further comprising a retarding 
?eld sector magnet betWeen said magnetic separator and one 
of said detectors. 

34. The SEM of claim 33, Wherein a time varying 
magnetic ?eld is applied to said ?eld sector magnet. 

* * * * * 


